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For more than 30 years, we have understood that genes may
be organized within genomic DNA in complex spatial arrange-
ments. In particular, gene-coding sequences can overlap: a
given segment of genomic DNA can encode more than one
gene product, with the overlapping genes often oriented on
opposite strands (3, 22, 44, 55, 67, 69, 71). In some cases, the
overlapping genes are organized such that one gene is entirely
contained within the chromosomal region occupied by another
gene (25, 36). In such instances, the internal gene is referred to
as a “nested” gene. Formally, a nested gene is defined as any
gene whose entire coding sequence lies within the chromo-
somal region bounded by the start codon and stop codon of a
larger external gene. Nested genes are distinct from alterna-
tively spliced transcripts in that the coding sequence for a
nested gene differs greatly from the coding sequence for its
external host gene; for example, the nested gene and host do
not share transcriptional start sites. This type of nested gene
organization is exceptionally interesting, as it holds unique
biological implications with respect to gene evolution, func-
tion, and regulation.

In this review, I provide an overview of nested genes with an
emphasis on the occurrence of these genes in eukaryotic ge-
nomes. This review describes two principal types of nested
genes: (i) genes nested within an intron of the external gene
(Fig. 1A) and (ii) genes nested entirely opposite an exon or
protein-coding sequence of the external gene (Fig. 1B). The
first type of nested gene is fairly common, particularly in the
introns of higher eukaryotes; however, the second nested gene
type is quite rare, with very few observed examples of nested
genes opposite protein-coding DNA in eukaryotic genomes.
Each class of nested gene is discussed separately in this article,
and examples of each gene type are provided. In particular, my
group has been active in identifying nested genes opposite
coding sequences in the budding yeast. I present two examples
of nested yeast genes as a platform for the consideration of
unique functional and regulatory implications associated with
this model of gene organization. This review also provides a
summary of the evolutionary implications associated with
nested genes and a discussion of the broad significance of this
gene structure for biological subdisciplines ranging from evo-
lutionary biology to bioinformatics-based genome annotation.
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NESTED INTRONIC GENES

A nested intronic gene at the Drosophila Gart locus. The
term “nested gene” was used in the mid-1980s to describe gene
organization at the Gart locus in Drosophila melanogaster (Fig.
2) (25). The Gart locus resides on the left arm of chromosome
II and encodes three enzymatic activities involved in de novo
purine biosynthesis (29). Subsequent to the initial studies by
Henikoff and colleagues, the purine pathway gene at this locus
has been renamed adenosine 3 (ade3) (65). The ade3 gene is
interrupted by six introns; the 5'-most intron contains an open
reading frame (ORF) of approximately 200 codons oriented
antisense and opposite the ade3 coding strand. This ORF en-
codes a pupal cuticle protein and has accordingly been named
Pupal cuticle protein (Pcp). Pcp and ade3 have no sequences in
common, being derived from opposite DNA strands. The
nested organization of Pcp within ade3 is not specific to D.
melanogaster; Henikoff and Eghtedarzadeh (24) found this
nested pattern of gene organization conserved at the ortholo-
gous locus in the divergent species Drosophila pseudoobscura.

In many respects, Pcp is a prototypical nested intronic gene.
Relative to ade3, Pcp is encoded on the opposite strand and in
an antisense orientation (25); this is typical, although not uni-
formly characteristic, of nested intronic genes. In addition, the
Pcp and ade3 genes encode functionally unrelated proteins.
Pcp encodes a fully functional structural constituent of the
pupal chitin-based cuticle, while ade3 encodes the purine path-
way enzyme activities phosphoribosylglycinamide synthetase,
phosphoribosylaminoimidazole synthetase, and phosphoribo-
sylglycinamide transformylase (26). The majority of nested in-
tronic genes are functionally unrelated to their host genes, and
no functional inferences can be drawn a priori from this pat-
tern of gene organization (72). Finally, the expression patterns
of Pcp and ade3 differ: Pcp expression is restricted to the
epidermis during the prepupal stage, while the ade3 gene is
expressed throughout development (25). Typically, nested in-
tronic genes are not coexpressed with their external host genes,
although, again, this is not an absolute rule (2, 72).

Nested intronic genes in metazoan genomes. Recent studies
indicate that nested intronic genes are widespread in metazoan
genomes (Table 1). Assis et al. (2) analyzed NCBI annotation
records to identify 792 nested genes in D. melanogaster, 429
nested genes in Caenorhabditis elegans, and 233 nested genes in
Caenorhabditis briggsae. In D. melanogaster, nested intronic
genes constitute approximately 6% of the organism’s total
gene complement, and 85% of these nested genes are pre-
dicted to encode protein. The remaining D. melanogaster
nested genes produce noncoding RNAs (46). Similarly, in C.
elegans and in C. briggsae, the majority of nested genes are
predicted to encode proteins.
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FIG. 1. Chromosomal context of a nested gene. (A) Diagram of an
intronic nested gene. The nested gene is represented by a red arrow,
while the external host gene is represented by a yellow arrow inter-
rupted by an intron. (B) Diagram of a nonintronic nested gene. The
nested gene and host gene are indicated as above. This review focuses
on these two types of nested genes; it does not consider protein pairs
that arise by alternative splicing or gene pairs that share a transcrip-
tional start site or termination sequence.

The human genome also contains a significant complement
of nested intronic genes (33, 58). Yu et al. (72) identified 158
predicted protein-coding genes nested in introns within human
genes, drawn from sequence data retrieved from the NCBI
Map Viewer Build 34.3. Specifically, these nested genes match
available expressed sequence tags and likely encode protein.
Yu and colleagues identified an additional 212 human pseu-
dogenes and three snoRNA genes nested in intronic regions
(72). Thus, the human genome contains a greater proportion
of nested pseudogenes than do the Drosophila and Caenorhab-
ditis genomes. The human nested intronic genes do not exhibit
an obvious bias in chromosomal distribution, and 27 genes
contain multiple nested intronic genes.

Human nested intronic genes bear out many characteristics
inferred from analysis of the Drosophila Pcp gene. In particu-
lar, Gene Ontology (GO) terms associated with nested genes
seldom overlap with GO annotations of corresponding host
genes (1). Of 106 human host genes and 96 corresponding
nested genes with GO annotations, only five parallel nested
gene pairs and one antiparallel pair exhibit similar functions
(72). In Drosophila, Pcp is oriented antisense and opposite
ade3 (25), and similar patterns of gene organization are gen-
erally observed for nested intronic genes in the human ge-
nome. Approximately 63% of human nested genes are found
on the strand opposite the host gene, forming antiparallel
pairs; the remaining nested genes are oriented in a parallel
manner on the same strand as the host gene (72). Henikoff and

Drosophila
melanogaster
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TABLE 1. Nested intronic genes in metazoan genomes

No. of nested %

Metazoan genome Total no. of genes®

intronic genes Nested
D. melanogaster 792¢ ~14,601 (15.1) ~5.4
C. elegans 429¢ ~20,061 (WS176) ~2.1
C. briggsae 2334 ~19,500 ~1.2
H. sapiens 158> ~28,755 (r36.2) ~0.5

“ Nested gene counts were determined by Assis et al. (2).

® Identification of nested protein-coding genes and pseudogenes in the human
genome was performed by Yu et al. (70).

¢ The genome release or reference from which each gene count was obtained
is presented in parentheses after the gene count if available. These gene tallies
represent best current estimates and should be viewed as approximations.

colleagues identified Pcp in the largest intron of ade3. Simi-
larly, nested genes in the human genome are typically found in
large introns; the median length of an intron containing a
nested gene is approximately 10-fold that of another intron
from the same host gene (72).

Regulated expression of nested intronic genes. The organi-
zation of functional DNA within an intronic region holds in-
teresting implications with respect to the regulatory mecha-
nisms mediating expression of the nested gene. In particular, a
clear question arises as to whether these nested genes are
coexpressed with their respective host genes. To consider this
point using an appropriately large sample size, Yu et al. (72)
analyzed human genome microarray data from the Genomics
Institute of the Novartis Research Foundation (63). From
these data sets, Yu and colleagues identified expression pro-
files for 45 protein-coding nested gene pairs but found only 3
exhibiting a positive correlation. Of this gene set, 33 gene pairs
exhibited statistically significant negative correlation and 9
gene pairs showed insignificant negative correlation in expres-
sion profiles. Since these microarray data sets were generated
by using a uniform technology platform, the expression profiles
are presumed to be highly reliable for the comparison of ex-
pression patterns between tissues (63, 72). In independent
studies, negative correlations between the expression patterns
of nested noncoding RNA genes and host genes have been
reported at the human elF24 (61), Igf2r/Air (70), and «1(I)
collagen loci (18).

For loci where the resulting expression patterns of nested and
host genes are inversely related, Gibson and colleagues (21) posit
that the transcriptional machinery traversing the host gene intron
may be subject to steric hindrance from regulatory proteins in-
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FIG. 2. Chromosomal gene organization at the gart locus in D. melanogaster. The arrows represent protein-coding sequences interrupted by
introns for both the Pcp and ade3 genes. Chromosomal coordinates are derived from data deposited in FlyBase version FB2009_04
(http://flybase.org/).
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teracting with the embedded gene. This interference could result
in the release of one or both RNA polymerases, thereby affecting
gene expression. In addition, transcriptionally convergent host
and nested genes may generate nuclear double-stranded RNA
from the primary transcripts, forming a substrate for RNase-
mediated degradation (16, 66). The formation of double-stranded
RNA by nested-host gene pairs may also contribute to RNA
editing and imprinting (68). Gibson et al. (21) proposed to use
atomic force microscopy (AFM) as a means of imaging individual
RNA polymerases transcribing a nested gene pair. Crampton et
al. (12) showed that AFM can be used to image individual RNA
polymerase molecules transcribing the nested gene AMELX at
the human ARH-GAP6 locus. In a separate study, Crampton and
colleagues used AFM to monitor collision events between Esch-
erichia coli RNA polymerases on a linear DNA template contain-
ing two convergently aligned promoters (11). By similar ap-
proaches, future studies should resolve existing questions
regarding the transcriptional mechanisms by which nested gene
pairs are expressed.

Evolution of nested intronic genes. The widespread occur-
rence of nested intronic genes in eukaryotic genomes underscores
the importance of understanding the mechanism by which this
pattern of gene organization has arisen. Assis et al. (2) have
investigated the gene structure of nested-host pairs relative to that
of orthologs from vertebrate sister species as a means of inferring
the mechanism of nested gene formation. They find that the vast
majority of nested intronic genes emerge through the insertion of
a DNA sequence into an intron of a preexisting gene. In these
cases, the inserted gene arose through either gene duplication or
retrotransposition; Assis and colleagues distinguished between
these possibilities by searching for the presence or absence of
introns in orthologs of the nested and host genes in sister species.
Assis et al. also report a smaller number of cases wherein the
nested gene evolved de novo from an intronic sequence of a
preexisting gene (2). Analysis of the 12 recently sequenced Dro-
sophila genomes indicates that the majority of de novo genes do
originate in introns. In support of this observation, 11 nested
intronic genes in D. melanogaster exhibit no sequence similarity to
any genes in the closely related species D. yakuba (2).

Interestingly, nested intronic gene structures undergo prefer-
ential evolutionary gain. Comparative analyses of four represen-
tative genomes from vertebrates, fruit flies, and nematodes with
closely related species indicate substantially higher rates of evo-
lutionary gains than losses: 55 nested gene emergence events have
been documented in the human genome, 52 in Drosophila, and 22
in Caenorhabditis, compared with no detected losses of nested
genes in vertebrates, 17 losses in Drosophila, and 2 in Caenorhab-
ditis (2). The acquisition of nested gene structures is thought to be
a neutral process in metazoan genomes, driven by the ready
availability of long intronic sequences that collectively provide a
niche for gene insertion (40, 41). Thus, the evolution of animal
genomes is accompanied by a steady rise in the prevalence of
nested intronic gene structures, leading to increasingly complex
genomic architectures (2).

GENES NESTED OPPOSITE CODING SEQUENCE

Nested genes are not restricted to introns; a rare, but argu-
ably more interesting, type of nested gene has been identified
opposite coding sequence specifying a protein or functional
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RNA product. This second type of nested gene is evident in
prokaryotes and has been identified more recently in the bud-
ding yeast genome. Several examples are presented here, along
with a discussion of the challenges involved in identifying these
genes and an analysis of the functional/regulatory implications
inherent in this type of nested gene structure.

Nested genes in prokaryotic genomes. The E. coli genome
contains a number of transposable DNA insertion (IS) ele-
ments, including IS/, 1S2, 1S4, 1S5, 1S903, and 1S102 (4, 17, 20,
35, 36, 60). These transposable elements are noteworthy for
their genetically compact gene structure. In particular, gene
organization has been elucidated clearly for the mobile ele-
ment IS5. The 1.195-kbp IS5 sequence contains a 978-bp ORF
(gene ins5A) extending over the majority of the transposon
length (52, 59). The expression of ins5A is driven from an
upstream promoter located close to the right-hand end of the
element (57). IS5, however, also carries two divergently tran-
scribed genes (ins5B and ins5C) oriented opposite ins54 (57).
The ins5B and ins5C genes form an operon, and this transcript
is wholly contained within the boundaries of the ins5A4 tran-
script (52, 57). Thus, in IS5, two protein-coding genes are
oriented opposite and entirely within a third protein-coding
gene, presenting an interesting prokaryotic example of genes
nested opposite protein-coding sequence.

As evidenced by this example, nested genes do exist opposite
coding sequences in prokaryotic genomes, but the existence of
these nested genes is not commonplace. Analysis of the E. coli
K-12 genome (6) reveals only a few genes nested entirely
opposite protein-coding sequences. A larger study by Palleja et
al. (50) identified gene pairs that overlap by 60 or more bp
from a set of 338 sequenced prokaryotic genomes. The authors
analyzed 42,055 gene overlaps of this type and found that the
vast majority (92%) of these gene pairs partially overlap each
other on the same strand. Nested genes were identified very
infrequently; only 1% of the gene pairs overlap on opposite
strands, and of these identified cases, very few genes are nested
or wholly embedded opposite another gene.

Nested genes in metazoan genomes. Genes nested opposite
coding sequences have been identified extremely infrequently,
if at all, in metazoan genomes. Sanna et al. (56) examined
overlapping genes in the mouse genome and identified 28 gene
pairs with overlapping exons; however, these overlaps are par-
tial, in that they do not encompass the entire coding sequence
of either gene. Analysis of the human genome reveals 51 exon-
exon overlaps on opposite strands, but again the overlaps are
partial and do not represent true nested genes. Neither the
human nor the mouse genome contains any overlapping genes
that share coding sequences on the same strand (56). Nested
genes in D. melanogaster and C. elegans have been found ex-
clusively as embedded sequences in introns (2, 46). Thus, at
present, there exists an extreme scarcity of reports describing
genes nested opposite protein-coding sequences in the ge-
nomes of higher eukaryotes.

Nested genes opposite coding sequences in yeast. At present,
two nonintronic nested genes have been identified in the ge-
nome of Saccharomyces cerevisiae: NAGI and TARI. The
NAGTI gene is a protein-coding gene nested antisense to an-
other protein-coding gene. TARI is a protein-coding gene
nested opposite a tandemly repeated gene encoding a func-
tional RNA product; unlike NAG! and the prokaryotic nested
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FIG. 3. Nested nonintronic genes in the budding yeast genome. (A) Gene organization at the rDNA repeat locus of S. cerevisiae chromosome
(Chr.) XII. The TARI gene (represented by the red arrow) is nested opposite and within the 25S rRNA gene. For simplicity, a single repeat unit
of the rDNA locus is presented here; approximately 140 tandem copies of this unit are present on chromosome XII. (B) TAR! encodes a protein
product and is conserved among related fungi. The TARI gene was originally identified by transposon-based gene trapping in S. cerevisiae.
Twenty-three different sites of transposon insertion identified within ZAR! are represented here by vertical blue lines along the arrow representing
the TARI gene. Transposon insertions at each of these sites within 74R! resulted in detectable levels of B-galactosidase (B-Gal) activity under
vegetative growth conditions, as indicated by the blue circle. The protein-coding potential of TAR! was confirmed by Western blotting, and the
Tarlp product was localized to yeast mitochondria. TAR! is conserved among hemiascomycetous species, and a sampling of these species is shown
here. The similarity of the indicated orthologous sequence to that of S. cerevisiae Tarlp is indicated by the intensity of the shaded ellipse; the
darkest colors indicate the strongest sequence similarity. (C) Gene organization at the YGR031W locus on S. cerevisiae chromosome VII.
Transcription of the nested gene NAGI is regulated by RIlmlp binding at the indicated site shared with the GSC2 promoter. The consensus
sequence for Rlmlp binding is shown here. (D) NAGI encodes a protein product with two predicted transmembrane (TM) domains. A
Naglp-green fluorescent protein (GFP) chimera localizes to the yeast cell periphery, consistent with its likely role as a plasma membrane protein

contributing to yeast cell wall biogenesis.

genes mentioned above, it does not reside opposite protein-
coding sequence. Interestingly, neither of these genes was
readily apparent upon initial annotation of the yeast genome.

The S. cerevisiae genome was sequenced in 1996, and a first
draft of its annotation was completed by using a straightfor-
ward set of rules (23, 45, 51). All previously known genes were
annotated, and simple gene-finding algorithms were employed
to identify putative genes from chromosomal sequence data
(19). As part of this process, ORF length was used as an
important criterion: ORFs at least 100 codons long were typ-
ically annotated as genes. Shorter ORFs were annotated as
genes if they corresponded to known genes or exhibited se-
quence similarity to known proteins upon conceptual transla-
tion. Overlapping ORFs were also annotated as genes, pro-
vided they satisfied the above criteria; however, genes wholly
nested or embedded within longer ORFs were excluded from
consideration (19, 23, 45). By implementing these criteria, a
nested ORF would only be identified as a gene if its protein-
coding potential had been uncovered from previous experi-
mental studies. No nested yeast genes had been discovered
experimentally by the late 1990s, and accordingly, the initial
release of the S. cerevisiae genome did not indicate any nested
genes (23, 45, 51).

A similar case exists in regard to the Candida albicans ge-
nome. In annotating the C. albicans genome, nested nonin-
tronic ORFs were not considered, unless the nested ORF
exhibited sequence similarity to another gene (47). By this
criterion, no nested nonintronic genes have been identified in
C. albicans. The C. albicans genome contains 415 introns by
recent estimate (7), but nested intronic genes are not readily
apparent and have not been annotated as such (47).

TARI nested in the yeast rDNA locus. In 2002, researchers in
Michael Snyder’s group identified the gene TARI (franscript
antisense to ribosomal RNA) nested antisense to the 25S
rRNA gene in the rDNA repeat region of yeast chromosome
XII (Fig. 3A) (10). In the S. cerevisiae genome, the rDNA
cluster consists of approximately 150 tandemly repeated copies
of a 9.1-kb rDNA unit located 450 kb from the left end of
chromosome XII. Each rDNA unit ultimately gives rise to 5S,
5.8S, 18S, and 25S transcripts; TARI resides wholly opposite
the 25S rRNA gene within each rDNA unit. The TARI gene is
124 codons in length and encodes a protein with a predicted
molecular mass of 14.34 kDa. The Tarlp protein sequence is
conserved in hemiascomycetous species (Fig. 3B) but does not
possess clear orthologs in higher eukaryotes (10).

The protein-coding potential of TARI was evident from its
initial identification; TAR1 was discovered by large-scale trans-
poson tagging by using a modified transposable element bear-
ing a 5'-truncated lacZ reporter as a simple gene trap (Fig. 3B)
(37, 38, 54). By virtue of this transposon, in-frame insertions in
protein-coding genes generate a (3-galactosidase translational
fusion. More than 20 independent transposon insertions in
TARI yielded detectable levels of B-galactosidase under con-
ditions of vegetative growth, indicating that the TARI gene
likely encodes a protein (Fig. 3B). Paulo Coelho and col-
leagues (10) detected a 13myc-tagged form of Tarlp by West-
ern blotting and subsequently localized this protein to the
mitochondria. Thus, TARI is a protein-coding gene nested
opposite a structural RNA gene.

The function of TARI is also interesting and is consistent
with the mitochondrial localization of the protein it encodes.
In a set of experiments independent from the transposon-
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based screen described above, researchers in Gerald Shadel’s
group found that a low-copy plasmid bearing a partial rDNA
repeat unit is capable of suppressing the petite phenotype
resulting from a point mutation in the mitochondrial RNA
polymerase gene RPO41 (53). Since this partial DNA repeat
unit encompasses the region encoding Tarlp, researchers in
the Shadel and Snyder laboratories hypothesized that this sur-
prising result could stem from the presence of TARI opposite
the 25S rRNA gene. As reported by Coelho et al. (10), these
groups identified TARI as a multicopy suppressor of the rpo41
point mutant; TARI rescued the growth defect of the RNA
polymerase mutant strain at both 30°C and 37°C. While the
exact function of TARI is unknown, its ability to suppress a
mutation in a domain of mitochondrial RNA polymerase in-
volved in maintaining mitochondrial DNA stability and post-
transcriptional gene expression suggests that it may contribute
to both of these processes. Further studies will no doubt define
the functional role of TARI more completely.

NAGI1 gene in budding yeast. The gene NAGI (nested an-
tisense gene) was also identified through large-scale transpo-
son tagging in yeast; however, unlike 7ARI, the NAGI gene
represents an extremely rare eukaryotic example of a protein-
coding gene wholly nested opposite another protein-coding
gene. Analysis of random transposon insertions generated with
the lacZ gene trap described above revealed a putative protein-
coding ORF (NAGI) nested opposite the gene YGR031W on
yeast chromosome VII (Fig. 3C) (42). YGRO31W consists of a
single uninterrupted ORF encoding a mitochondrial protein
343 amino acids in length. The NAGI gene is 163 codons in
length and encodes a 19-kDa protein, as detected by Western
blotting of a hemagglutinin-tagged NAGI allele (42). Naglp
contains two putative transmembrane segments, and a Naglp-
green fluorescent protein chimera localizes to the yeast plasma
membrane (Fig. 3D). To investigate NAGI function, we con-
structed a point mutation (nagl-1) that introduces a premature
stop codon into the NAGI coding sequence but is silent with
respect to the opposite gene, YGRO031W (42). The nagl-I
point mutant is hypersensitive to the cell wall-perturbing agent
calcofluor white at 30°C and 37°C. Consistent with its apparent
role in cell wall biogenesis, the phenotype caused by nagl-I is
exacerbated in the W303 strain of yeast; W303 is defective for
the cell wall integrity gene SSD! (31), and accordingly, genuine
cell wall defects are often exaggerated in the W303 genetic
background. Thus, the nested NAGI gene encodes a plasma
membrane protein contributing to the regulated synthesis
and/or maintenance of the yeast cell wall.

NAGI is conserved as a unit with YGRO31W in several
bacterial species and numerous fungi, while YGRO031W is itself
highly conserved in organisms ranging from bacteria to hu-
mans (42). Protein-based BLAST searches using a conceptual
six-frame translation of genomic sequences do not indicate
orthologs of NAGI in higher eukaryotes, possibly owing to the
function of NAGI in cell wall biogenesis. Several fungal or-
thologs of NAGI may be nonfunctional, as nonsense mutations
are present in some of the identified coding sequences. As a
result, additional analysis is required to determine the potential
functionality of NAG! in eukaryotes other than S. cerevisiae.

The regulated expression of NAGI is interesting with re-
spect to both its function and its chromosomal context. In
response to calcofluor white, Naglp levels are elevated 1.4-
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fold, as is typical of proteins encoded by cell wall-related genes
under conditions of cell wall stress. In the budding yeast, cell
wall integrity is regulated through the Slt2p mitogen-activated
protein kinase cascade and its downstream transcription factor
Rimlp (14, 15, 34, 39, 73). Interestingly, the Rlm1p-regulated
gene GSC2 is positioned 796 nucleotides (nt) upstream of
YGRO31W on the Watson strand of chromosome VII. GSC2
encodes a subunit of 1,3-B-glucan synthase that is upregulated
by cell wall stress (27, 28). The GSC2 promoter contains a
palindromic Rlm1p binding site that is shared with the putative
promoter of NAG! (30). Deletion of RLM1 causes a significant
decrease in the production of Naglp under conditions of veg-
etative growth and cell wall stress (42). It is highly likely,
therefore, that both NAGI and GSC2 are coordinately regu-
lated from the same RIm1 binding site. The spatial relationship
between NAG! and GSC2 is conserved in many fungi (e.g., in
Kluyveromyces lactis, Vanderwaltozyma polyspora, Candida gla-
brata, and Debaryomyces hansenii), and the coordinated regu-
lation of these genes may be conserved as well. The YGR031W
gene, however, is regulated from a separate promoter, and its
expression pattern does not correlate with the expression of
NAGI.

Nested gene pair in Tetrahymena thermophila. Recently,
Zweifel et al. (74) implemented an antisense RNA-based
screen for cell division defects in the ciliate 7. thermophila and,
from this work, identified a pair of nested protein-coding
genes, CDAI12 and CDAI13. The 552-nt CDA12 gene consists of
a single continuous ORF nested within and opposite the 591-nt
CDA13 gene; CDAI3 also consists of a single continuous ORF.
Although neither predicted gene product exhibits strong se-
quence similarity to a previously annotated protein, both cod-
ing sequences specify putative transmembrane domains and
may have related functions in membrane trafficking. Cdal2p
localizes to diverse membrane-bound compartments, including
perinuclear vesicles and recycling endosomes. Cdal3p localizes
to vesicular structures adjacent to both the endoplasmic retic-
ulum-Golgi body system and the associated cortical mitochon-
dria. Consistent with these diverse localizations, antisense
RNA-mediated inhibition of CDAI2 and CDAI13 expression
yields defects in cytokinesis, macronuclear segregation, pino-
some processing, and conjugation (74). Interestingly, both
genes can be actively transcribed during conjugation, although
only CDAI2 produces detectable transcript under conditions
of vegetative growth. In total, the CDA12/CDAI13 locus pre-
sents a strong eukaryotic example of a nested gene pair exhib-
iting both similar expression patterns and broadly related cel-
lular functions.

FINDING NESTED GENES: CHALLENGES
AND PROSPECTS

Obstacles to the identification of nested genes. Nested
genes, and in particular nonintronic nested genes, have largely
escaped the attention of many researchers—a fact that princi-
pally stems from the difficulties encountered in identifying
these genes and their resulting underrepresentation in anno-
tated genome sequences. At present, gene annotation is a
predominantly computational process wherein gene-finding al-
gorithms and simple criteria are used to discriminate between
chance ORFs and genuine protein-coding genes. These algo-
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rithms and criteria are relatively ineffective in identifying non-
intronic nested genes. For example, neither the NAGI nor the
TARI gene was identified as a protein-coding ORF upon an-
notation of the yeast genome. The decision to exclude such
nested and nonintronic ORFs from consideration during the
gene identification process exacerbates the situation; however,
this decision is understandable. Because of biases in nucleotide
usage associated with codons, ORF sequences are statistically
likely to contain antisense ORFs on the opposite strand (43).
Thus, even the simplest eukaryotic genomes contain an ex-
tremely large number of antisense ORFs, the vast majority of
which do not encode proteins. It is not practical at present to
consider all nested antisense ORFs for annotation, and deci-
sions to exclude nested genes are cost-effective but nonetheless
compromise the ultimate accuracy of gene identification dur-
ing genome annotation.

Without a large training set of nested antisense gene se-
quences for the development of new computational gene-find-
ing methods, in silico approaches are unlikely to be effective as
a means of discriminating between true nested genes and
chance antisense ORFs; instead, experimental approaches pro-
vide a significantly better means to identify nested, nonintronic
genes. Transposon-based gene traps have been used success-
fully to identify previously nonannotated genes such as TARI
and NAGI in yeast (10, 42). Experimental approaches using
modified forms of antisense RNA-based technologies may be
effective in higher eukaryotes for this purpose (64, 74). Tran-
scriptional profiling studies using tiling microarrays and deep
sequencing technologies have proven extremely useful in iden-
tifying transcribed regions of eukaryotic genomes (5, 8, 9, 13,
32, 48, 49, 62); however, since many antisense sequences may
be transcribed as regulatory RNAs, this approach would pre-
sumably be less effective for the identification of protein-cod-
ing genes. Mass spectrometric methods offer a promising ave-
nue toward the experimental identification of proteins, and
hence protein-coding genes, for a given organism. For this to
be achieved, technical obstacles limiting both the scale and the
quality of protein detection need to be overcome, but pro-
teomic methods are potentially exciting as a means of achiev-
ing more comprehensive levels of gene identification.

Do additional nested genes exist in eukaryotic genomes? In
the budding yeast, a substantial body of evidence suggests that
additional nested antisense genes may be present. The gene-
trapping study that ultimately resulted in the identification of
NAG]I and TARI (38, 42, 54) also indicated at least 45 addi-
tional nested ORFs producing detectable levels of B-galacto-
sidase activity upon in-frame insertion of a modified transpo-
son bearing a truncated form of lacZ (37). The chromosomal
location and systematic name of each nested ORF are indi-
cated in Fig. 4. For these putative genes, B-galactosidase levels
were detected under vegetative growth conditions from trans-
poson-mediated lacZ fusions. Each nested ORF was identified
by multiple independent transposon insertions and/or by
strong levels of B-galactosidase activity. In addition, transcripts
corresponding to each of these nested ORFs were detected by
large-scale RNA sequencing, as presented by Nagalakshmi et
al. (49); the likelihood that these sequences are expressed is
therefore very high. These nested and nonintronic ORFs range
from 27 to 215 codons in length, with moderate-to-strong ex-
pression levels as detected by RNA array analysis using strand-
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specific oligonucleotide probes (37). The putative nested
genes, however, are not uniformly well conserved in related
yeast species. Thus, additional studies are needed to verify the
protein-coding potential of these nested ORFs, but the out-
look remains promising for the confirmation of these and/or
other putative nonintronic nested genes in S. cerevisiae.

The experimental approaches implemented by Zweifel et al.
(74) for the identification of the nested gene pair CDAI2/
CDA13 also suggest the presence of additional nonintronic
nested genes in Tetrahymena; in fact, Zweifel and colleagues
speculate that the occurrence of these nested genes may be
relatively common. The identification of nonintronic nested
genes in metazoan genomes, however, may not be quite as
imminent, as some of the technical obstacles limiting the
throughput of mutational studies will complicate attempts to
identify nested genes in these organisms. In this regard, anti-
sense RNA-based gene knockdowns and mass spectrometric
approaches are viable means to identify genes without prior in
silico annotation in metazoan genomes. In total, nonintronic
nested genes are likely present in many, if not most, eu-
karyotes.

Functional benefits of nested genes. In prokaryotes, it is
generally assumed that a compact genome is advantageous,
conferring a selective advantage due to the speed with which
DNA replication can be carried out. In eukaryotes, no such
size constraints are in place. Thus, an open question remains
why nested genes exist in eukaryotic genomes.

We can only speculate regarding the functional benefits of
nested eukaryotic genes. As evidenced in some of the examples
presented here, the expression of nested genes may be corre-
lated with host genes—both positively and negatively. The
nested-host gene structure presents a mechanism for the co-
ordinated regulation of functionally related gene pairs. How-
ever, many nested genes exhibit functions and expression pat-
terns distinct from those of host genes; thus, this cannot be an
overriding principle governing nested gene structures. Most
likely, the acquisition of a nested gene is an evolutionarily
neutral process facilitated by the presence of numerous introns
in eukaryotic genes that present a niche for gene insertion (2).
Accordingly, in many instances, the nested gene is an evolu-
tionary remnant, and collectively, it is difficult to derive a
generally applicable functional benefit associated with the
nested gene structure.

The need to identify nested genes. Genome sequences are
available in draft or finished form for an expanding set of at
least 5,400 species (http://www.ncbi.nlm.nih.gov). This knowl-
edge base of sequence data is extremely valuable, but its prac-
tical utility depends, in part, upon the accuracy with which the
encompassed genome sequences are annotated. In order to
accurately annotate a genome, we must, of course, accurately
annotate nested genes. By overlooking a nested gene, we raise
the likelihood of incorrectly assigning gene functions. For ex-
ample, any observed phenotypes resulting from the deletion of
a genetic locus containing a previously overlooked nested gene
would be incorrectly assumed to identify functions strictly for
the external host gene. Also, the presence of a nested gene
holds potential evolutionary implications for the host gene,
and this information may be useful in interpreting comparative
genomic results for a given locus. Finally, it is difficult to ac-
curately determine the regulatory control of a given locus with-
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Chr. Il Length Start Chr.X Length Start
Nested ORF  (Codons) ~ Coordinate Host Gene Nested ORF (Codons) Coordinate  Host Gene
YBLOO6W-A 40 216714 LDB7 / YBLOO6C YJLO77W-A 29 294793 1CS3/YJLO77C
YBR131C-A 30 497644 CCZ1/YBR131W YJLO20W-A 86 400975 BBC1/YJLO20C
YBR141W-A 32 527161 YBR141C YJR140W-A 50 690951 HIR3 /YJR140C
YBR223W-A 40 668716 TDP1/YBR223C
Chr.lll Chr.XI Length Start
f: Length Start Nested ORF (Codons)  Coordinate Host Gene
Nested ORF  (Codons)  Coordinate Host Gene
YKL156C-A 39 158980  RPS27A/YKL156W
YCRO45W-A (117 208747 RRT12 /YCR045C YKRO75W-A 920 579854  YKRO75C
YCRO47W-A 69 211297 BUD23 /YCR047C
YCRO81C-A 79 258412 SRB8 / YCRO81W
Chr. X1l Length Start
Nested ORF Codons) Coordinate Host Gene
Chr:1V Length Start ! .
HiEted ORI oo N o Do Bt ostGEne YLLOTOW-A 31 106907  KNST/YLLO19C
YLR286W-A 45 708564 CTS1/YLR286C
YDL159C-B 59 173057 STE7/YDL159W YLR299C-A 31 727913 ECM38/YLR299W
YDLOBEC-A 145 301655 YDLOG8W YLR347W-A 47 824788  KAP95/YLR347C
YDLO25W-A 35 405408 YDLO25C YLR399W-A 35 920869  BDF1/YLR399C
YDR354C-A 48 1185133  TRP4/YDR354W
YDR464C-A 63 1392485  SPP41/YDR464W
Chr. X1l Length Start
Chr.V Nested ORF  (Codons) Coordinate  Host Gene
& Length Start
Nesied ORE S Eodons Il oo dinate A iost Gene YMR272W-A 38 810465  SCS7/YMR272C
YEL032C-A 54 87040 MCM3 /YELO32W
YELOO8C-A 31 140726 YELOO8W
YER023C-A 71 201521 PRO3 / YERO23W Chr.XIV Length Start
Nested ORF  (Codons)  Coordinate Host Gene
e
Cod: Coordinat -
e e YNROO3W-A 33 634422 RPC34/YNROO3C
YGL123C-A 7 277640 RPS2/YGL123W
YGLO63C-A 50 384505 PUS2 /YGLO63W
YGRO68W-A 32 626298  YGRO68C Chr.XV Length Start
YGR270C-A 73 1027388  YTA7/YGR270W Nested ORF  (Codons) Coordinate Host Gene
YOR108C-A 70 524606 LEU9 /YOR108W
Chr.VIII I & s YOR161W-A 2/ 637575 PNS1/YOR161C
ey el YOR161W-B 87 637976  PNS1/YOR161C
Nested ORF (Codons) Coordinate Host Gene YOR186C-A 70 683330 YOR186W
YOR231C-A 67 773164 MKK1 /YOR231W
YHR137C-A 217 375741 ARO9 /YHR137W YOR335W-A 2/ 946565 ALA1 /YOR335C
Chr.IX Chr.XVI Length Start
: Length Start Nested ORF (Codons)  Coordinate Host Gene
Nested ORF  (Codons) Coordinate Host Gene
YPL222C-A 82 131869 FMP40 / YPL222W
YIL105W-A 47 167661 SLM1/YIL105C YPL135C-A 58 297677 ISU1 /YPL135W
YILO21C-A 920 313197 RPB3 /YILO21W YPR160C-A 95 862573 GPH1 /YPR160W

FIG. 4. ORFs in S. cerevisiae that may encode nonintronic nested genes were identified by large-scale gene-trapping and strand-specific
expression analyses. The putative nested gene is indicated, along with the length of the ORF in codons, its chromosomal start coordinate, and the
host gene name. Chromosomal coordinates were determined from sequence deposited in the Saccharomyces Genome Database as of May 2009
(http://www.yeastgenome.org/). This gene list is not comprehensive but rather presents a starting point for the continued identification of

nonintronic nested genes in S. cerevisiae. Chr., chromosome.

out accurately identifying the constituent genes; as indicated by
studies of the yeast NAGI locus, the regulatory mechanisms
controlling a nested gene may be coordinated with regulatory
events affecting a neighboring gene. Nested genes potentially
represent a wealth of overlooked biology, and the identifica-
tion of these genes and their encoded functions promises to
clarify underlying biological processes across a diverse spec-
trum of eukaryotes.

SUMMARY

Nested genes fall into two broad categories: (i) genes nested
within the intron of another gene and (ii) nonintronic genes
nested opposite coding sequence for the host gene. Nested
intronic genes have been identified in many eukaryotes and are
fairly common, with at least 158 protein-coding genes nested
within introns in the human genome. These nested intronic
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genes are not necessarily functionally related to their host
genes; also, expression patterns of nested intronic genes are
most frequently noncorrelated or inversely correlated with re-
spect to host genes, at least in the human genome. Nested
intronic genes have emerged predominantly through insertion
of a DNA sequence into the intron of a preexisting gene.
Nonintronic nested genes are rare but have been identified in
prokaryotes, yeast, and Tetrahymena. The sample size is ex-
tremely small, but as with intronic nested genes, nonintronic
nested genes do not necessarily share functions or expression
patterns with host genes. Nested genes are difficult to identify
in silico without prior experimental evidence, and even exper-
imental approaches must be designed carefully to distinguish a
nested gene from its opposite host gene. Ultimately, however,
it is critical to identify nested genes as a means of ensuring
accurate genome annotation for subsequent experimental
analysis.
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